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ABSTRACT

Results of analyses performed using the UniSim process
analyses software to evaluate the performance of both a direct
and indirect supercritical CO, Brayton power plant cycle with
recompression at different reactor outlet temperatures are
presented. The direct supercritical CO, power plant cycle
transferred heat directly from a 600 MW, reactor to the
supercritical CO, working fluid supplied to the turbine
generator at approximately 20 MPa. The indirect supercritical
CO, cycle assumed a helium-cooled Very High Temperature
Reactor (VHTR), operating at a primary system pressure of
approximately 7.0 MPa, delivered heat through an
intermediate heat exchanger to the secondary indirect
supercritical CO, recompression Brayton cycle, again
operating at a pressure of about 20 MPa. For both the direct
and indirect power plant cycles, sensitivity calculations were
performed for reactor outlet temperature between 550°C and
850°C. The UniSim models used realistic component
parameters and operating conditions to model the complete
reactor and power conversion systems. CO, properties were
evaluated, and the operating ranges of the cycles were
adjusted to take advantage of the rapidly changing properties
of CO, near the critical point. The results of the analyses
showed that, for the direct supercritical CO, power plant
cycle, thermal efficiencies in the range of approximately 40 to
50% can be achieved over the reactor coolant outlet
temperature range of 550°C to 850°C. For the indirect
supercritical CO, power plant cycle, thermal efficiencies were
approximately 11 - 13% lower than those obtained for the
direct cycle over the same reactor outlet temperature range.

NOMENCLATURE

CO, Carbon Dioxide

HX Intermediate Heat Exchanger
NGNP Next Generation Nuclear Plant

Circulator Helium circulator power (MW)

WCompressors Total COmpressor power (MW)
Turbine Turbine power (MW)
QRe actor Reactor heat (MW)
VHTR Very High Temperature Reactor
17 pes Power conversion cycle thermal efficiency
INTRODUCTION

This study provides an evaluation and comparison of the
performance of direct and indirect supercritical CO, power
plant cycles operating in a reactor outlet temperature range
between 550°C and 850°C. The power plant cycle selected
for this study is referred to as a supercritical CO, closed
Brayton cycle (also known as the Joule cycle) with
recompression.  This power plant cycle was originally
described by Dostal in his ScD Thesis/Topical Report [1], and
subsequently referenced in a variety of other publications [2-
9].

The Next Generation Nuclear Plant (NGNP) is a proposed
full scale facility to be used to demonstrate the commercial
potential of a high temperature gas-cooled nuclear reactor for
electricity and process heat applications.  The current
reference design for the NGNP is a helium-cooled Very High
Temperature Reactor (VHTR) operating with a 750°C reactor
coolant outlet temperature. For NGNP applications, the
supercritical CO, recompression Brayton cycle would be
operated as an indirect power conversion cycle, in which the
helium-cooled VHTR, operating at a primary system pressure
of approximately 7.0 MPa, delivers heat through an
intermediate heat exchanger to the secondary indirect
supercritical CO, recompression Brayton cycle operating at a
pressure of about 20 MPa. However, the direct supercritical



CO, power plant cycle, in which heat from the 600 MW,
reactor is transferred directly to the supercritical CO, working
fluid supplied to the turbine generator at approximately 20
MPa, was first evaluated to allow optimization of the power
cycle loop without the added complication of connecting to a
primary loop [10]. The indirect power plant cycle was then
evaluated so that a comparison of the differences in operating
characteristics and performance of the two cycles could be
made.

The supercritical CO, Brayton power plant cycle with
recompression was selected for evaluation because of its
relatively high power conversion efficiencies for turbine inlet
temperatures between 550°C and 750°C compared to the
efficiencies that can be achieved using a closed-loop
recuperated helium Brayton cycle. The supercritical CO,
cycle achieves these high efficiencies by taking advantage of
the rapidly changing properties of CO, at temperatures and
pressures slightly above the critical point (7.38 MPa and
31.1°C). The following two sections describe the UniSim
model and analysis results for the direct and indirect
supercritical Brayton power plant cycles with recompression.
This is followed by a comparison of performance parameters
for the two cycles and the conclusions of the study.

Supercritical
co2

5839 C

Recompression
Direct-Brayton

DIRECT SUPERCRITICAL CO, RECOMPRESSION
BRAYTON POWER PLANT CYCLE

The UniSim process analysis software was used in the
evaluation of the direct supercritical CO, recompression
Brayton power plant cycle. The reference design for the direct
power conversion cycle assumed a reactor outlet temperature
of 750°C and a reactor power of 600 MW,. The high pressure
portion of the cycle was limited to approximately 20 MPa to
avoid the potential large irreversibility in the power
conversion system high temperature recuperator, which is the
result of a pinch point problem described by Dostal, et. al. [1]
and others. Realistic component operating conditions and
design parameters were selected to be consistent with those
assumed for the NGNP Project. In particular, the compressors
and turbine were assumed to have an adiabatic efficiency of
90%, and the minimum approach temperature for all shell and
tube heat exchangers in the power conversion system was
conservatively assumed to be 20°C.

Figure 1 shows the UniSim model of the supercritical
CO, recompression Brayton power plant cycle. The
calculated stream conditions (flow rates, temperatures and
pressures) at different points in the system are indicated on the
flow sheet.

In the reference design, the supercritical CO, coolant
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Figure 1. Unisim model of supercritical CO2 direct Brayton cycle with recompression.



enters the reactor (upper left corner of Figure 1) at
approximately 584°C and 20 MPa. After being heated in the
reactor to 750°C, the coolant is expanded through the turbine
to produce electric power. The coolant, at a lower temperature
and pressure then passes through high-temperature and low-
temperature recuperators, where it is further cooled. The
coolant flow is then split into two streams (bottom of Figure
1). One stream passes through a precooler that provides
additional cooling to the working fluid before it enters
Compressor 1. Compressor 1 provides the driving force to
circulate the fluid back through the two recuperators where
heat is recovered before the working fluid is returned to the
reactor inlet to complete the cycle. The second split stream at
the bottom of Figure 1 passes directly to Compressor 2 (the
recompressor) without any additional cooling, where it is
compressed and joined with the first split stream before
passing through the high temperature recuperator and
returning to the reactor inlet to complete the cycle.

The calculated power conversion cycle thermal efficiency
(Mpes) for the conditions shown in Figure 1 is 49.2%, where 1.
is defined as:

— (WTurbine - WCompressors ) (1)
n pes Q
Re actor

and,
WTurbine
WC ompressors

compressors

= Power of the primary side turbine

Power of high and low pressure

Oreueror = Reactor heat.

Table 1 summarizes the power cycle parameters and
operating conditions selected for the reference direct power
cycle design. For a reactor outlet temperature of 750°C and a
coolant flow rate of 2867 kg/s, the optimized pressure ratio
(ratio of maximum to minimum pressures in the power cycle)
giving the highest power cycle thermal efficiency was found
to be 2.3. The calculated recompression fraction, which is
defined to be the ratio of coolant flow to Compressor 2 (the
flow bypassing the precooler) divided by the total coolant

Table 1. Reference design parameters for direct cycle.

Reactor Heat, MW, 600
Reactor inlet pressure, MPa 20
Reactor outlet temperature, °C 750
Coolant flow rate, kg/s 2867
Pressure ratio 23
Recompression fraction 0.435
Heat rejection rate (waste heat), MW | 305
Compressor/turbine power ratio 0.268
Minimum approach temperature (all | 20
heat exchangers), °C

Tube and shell side pressure drop (all | 20
heat exchangers), kPa

mass flow) is 0.435. With only a fraction of the total coolant
flow rejecting its heat to the precooler at a sink temperature of
36°C, the power cycle heat rejection rate (waste heat) is 305
MW. This compares to a waste heat rejection rate of
approximately 358 MW for an equivalent direct helium
Brayton power plant cycle powered by a 600 MW, reactor at a
reactor outlet temperature of 750°C [11]. The waste heat
rejection rate for the supercritical CO, recompression Brayton
cycle is, therefore, approximately 15% less than that of the
equivalent recuperated helium Brayton cycle, contributing to
the overall higher thermal efficiency of the supercritical CO,
recompression Brayton power plant cycle.

Finally, a comparison of the ratio of the net power of the
two compressors to the output power of the turbine (8" row in
Table 1) shows a compressor-to-turbine power ratio of 0.268.
This compares with a typical compressor-to-turbine power
ratio of approximately 0.45 for a recuperated helium Brayton
cycle, and demonstrates the reduced compression work that
can be achieved by taking advantage of the higher density of
supercritical CO, near the critical point.

INDIRECT SUPERCRITICAL CO, RECOMPRESSION
BRAYTON POWER PLANT CYCLE

The UniSim model for the reference Indirect Supercritical
CO,; Brayton power plant cycle with recompression is shown
in Figure 2. The indirect power cycle is identical to the direct
cycle shown in Figure 1, but the supercritical CO, reactor
power source has been replaced with an intermediate heat
exchanger (IHX) to transfer heat from the reactor primary loop
to the indirect supercritical CO, power conversion cycle. The
primary loop shown in the upper left hand corner of Figure 2
consists of a helium-cooled VHTR power source. Heat from
the reactor is transferred to the helium coolant and then to the
indirect supercritical CO, power conversion cycle through the
IHX. The cooler helium is then delivered to the helium
circulator (K-100) which returns the coolant to the reactor
inlet at the desired inlet pressure. For the reference design
case, the reactor outlet temperature and pressure were assumed
to be 750°C and 7.0 MPa, respectively. To provide the same
power to the indirect power cycle, as was assumed for the
direct power cycle, the VHTR power was reduced to 515 MW,
to account for the 85 MW heat of compression added to the
primary loop by the helium circulator (K-100). The resulting
total heat transferred through the IHX to the indirect
supercritical CO, power cycle was 600 MW.

The helium coolant mass flow rate was 500 kg/s. The
pressure drop through the reactor was assumed to be 500 kPa
and the pressure drop on both the primary and secondary sides
of the IHX were assumed to be 50 kPa. The helium
temperature and pressure at the reactor inlet were 552°C and
7.5 MPa, respectively. This reactor inlet temperature is higher
than that specified for NGNP, but is unavoidable because of
the thermodynamic characteristics of the system. The only
way to effectively reduce the reactor inlet temperature would
be to incorporate a heat exchanger between the helium
circulator (K-100) and the reactor inlet and utilize the rejected



heat in a combined power cycle or for some other purpose.
However, this was not part of the current study.

For the indirect power cycle in Figure 2, heat exchanger
pressure drops and minimum approach temperatures were the
same as assumed in the direct power conversion cycle of
Figure 1. However, to achieve solution convergence, the
minimum approach temperature for the low temperature
recuperator (Low Temp Recup) in Figure 2 was reduced to
approximately 8°C.

For the reference reactor outlet temperature of 750°C, a
turbine inlet temperature of 650°C was assumed. This
resulted in a minimum approach temperature of 37.8°C for the
IHX, which was felt to be reasonable. For these conditions,
the calculated power conversion cycle thermal efficiency (1pcs)
for the indirect supercritical CO, Brayton power cycle with
recompression (shown in Figure 2) is 38.8%, where in this

case My is defined as:
— Wcjrcu/af()”% (2)
QRe actor

= Power of the indirect power cycle turbine

of high and

compressors on the secondary side of the [HX

Compressors

_(,

urbine
n pes

and,
WTurbine
W =

CO”’Z]?)’&\'S(H‘S Power

low pressure

WCircu/af()r

= Power of the primary helium circulator

Oreaeror = Reactor heat.

React

g s Power
»

Reactor

1 Supercritical
co2

Recompression

Table 2 summarizes the primary side and secondary
indirect power cycle parameters for the reference design
shown in Figure 2. Overall, the indirect power cycle
parameters were very similar to those for the direct power
cycle. However, the temperature drop across the intermediate
heat exchanger (IHX) and the additional power requirement
for the primary helium circulator (K-100), resulted in a drop
in overall power plant cycle efficiency from 49.2% for the
direct cycle shown in Figure 1 to 38.8% shown in Figure 2.

COMPARISON OF DIRECT AND INDIRECT
SUPERCRITICAL CO, RECOMPRESSION BRAYTON
POWER PLANT CYCLES

Several sensitivity studies were performed to compare the
performance of the direct and indirect supercritical CO,
Brayton power plant cycles with recompression. The effect of
reactor outlet temperature, power cycle pressure ratio (ratio of

power cycle maximum to minimum pressures), and
recompression fraction on system performance were
examined.

Figure 3 compares the direct and indirect power cycle
efficiencies for reactor coolant outlet temperatures ranging
from 550°C to 850°C. Throughout this range of temperatures,
the indirect power plant cycle exhibited lower power cycle
efficiencies of between approximately 11% and 13% when
compared to the direct power plant cycle. These lower
efficiencies were a result of the additional power consumed by
the primary loop circulator (K-100) required to circulate the
helium coolant used to remove heat from the reactor core and
transfer this heat through the IHX to the secondary
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Figure 2. UniSim model of indirect Brayton cycle with recompression.



Table 2. Reference design parameters for indirect cycle.

Primary Loop

Reactor Power, MW, 515
Helium circulator Power, MPa 85
Reactor coolant inlet pressure, | 7.5
MPa

Reactor coolant inlet | 552
temperature, °C

Reactor coolant outlet | 750
temperature, °C

Coolant flow rate, kg/s 500
IHX minimum approach | 37.8
temperature, °C

IHX primary side pressure drop, | 50
kPa

Secondary Power Cycle Loop

Coolant flow rate, kg/s 2867
Turbine inlet pressure, MPa 20
Turbine inlet temperature, °C 650
Pressure ratio 2.55
Recompression fraction 0.225
Heat rejection rate (waste heat), | 315
MW

Compressor/turbine power ratio 0.281
IHX secondary side pressure | 50
drop, kPa

High Temperature Recuperator | 20
minimum approach temperature,

°C

Low Temperature Recuperator | 8
minimum approach temperature,

°C

Tube and shell side pressure | 20
drops (precooler and recuperative
exchangers), kPa

supercritical CO, power cycle loop. The temperature drop
across the IHX also contributed to a lower efficiency for the
indirect power cycle because of the lower resultant inlet
temperature to the turbine generator.

The power plant cycle efficiencies plotted as a function of
optimized power cycle pressure ratio (ratio of maximum to
minimum pressures in the power cycle) for the direct and
indirect power plant cycles are shown in Figure 4. Both the
direct and indirect power plant cycles show similar trends of
decreasing power cycle efficiency with increasing power cycle
pressure ratio. The lower overall efficiency of the indirect
power cycle compared to the direct power cycle is again
attributable to the additional power consumed by the primary
loop helium circulator and the temperature drop across the
IHX, which results in a lower inlet temperature to the turbine
generator.

This dependency of the overall power cycle efficiency on
the coolant inlet temperature to the turbine generator can be
seen in Figure 5, where the power cycle efficiency is plotted as
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Figure 3. Comparison of direct and indirect power cycle
efficiencies versus reactor outlet temperature.

a function of turbine inlet temperature for both the direct and
indirect power cycles.

Finally, the power cycle efficiency versus recompression
fraction is shown in Figure 6 for both the direct and indirect
cycles. Generally, the trends are similar, but appear to be
somewhat influenced by differences in fluid conditions on the
low pressure side of the power cycle, which as discussed
earlier are changing rapidly near the CO; critical point.

CONCLUSIONS

Analyses were performed to compare the performance of
direct and indirect supercritical CO, Brayton power plant
cycles with recompression. The analyses showed that for the
direct supercritical CO, cycle, relatively high power cycle
thermal efficiencies can be achieved for turbine inlet
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Figure 4. Comparison of direct and indirect power cycle
efficiencies versus power cycle pressure ratio.
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temperatures in the range of 550°C to 850°C. For a 600 MW,
supercritical CO, cooled reactor operating at a reference
coolant outlet temperature of 750°C, maximum system
pressure of 20 MPa, and a coolant flow rate of 2867 kg/s, a
maximum power cycle thermal efficiency of 49.2% was
achieved. The maximum possible power cycle efficiency,
assuming a Carnot cycle using an ideal gas as the working
fluid and heat source and heat sink temperatures of 750°C and
20°C, respectively, is 71.4%. Therefore, the direct
supercritical CO, power plant cycle operating at a reactor
outlet temperature of 750°C achieves about 69% of the
maximum possible Carnot cycle efficiency, which is close to
the maximum efficiency that can be expected for an actual
power plant cycle assuming realistic component operating
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Figure 6. Comparison of direct and indirect power cycle
efficiency versus recompression fraction.

conditions and design parameters [12].

The relatively high power cycle thermal efficiency
obtained for the supercritical CO, recompression Brayton
cycle at temperatures in the range of 550°C to 850°C,
combined with the simplicity and compactness of the power
conversion system design make this an attractive option for
high temperature reactor applications. However, for NGNP
applications, an indirect power plant cycle is of interest
because of the improved safety features (isolation of the
primary system from the high pressure CO, power cycle
working fluid) and the potential to use other high-temperature
reactor concepts (helium-cooled gas reactors or molten salted
cooled reactors).

Therefore, analyses of an indirect supercritical CO,
Brayton power cycle with recompression, driven by a VHTR
with heat transferred from the primary helium coolant loop
through an THX to the secondary supercritical CO, working
fluid, were also performed and compared with the direct cycle
results. The analyses of the indirect Brayton power cycle with
recompression produced power cycle thermal efficiencies 11%
to 13% below those obtained for the direct power cycle over
the reactor coolant outlet temperature range of 550°C to
850°C. At an NGNP reference reactor coolant outlet
temperature of 750°C, the indirect power plant cycle thermal
efficiency was 38.8%, compared to 49.2% for the direct power
plant cycle.
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